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i:u)MK riiYinnr) CA^^u^»^TI0N:*i ok Tin: pKiiKonMAKci: of fact poitim tmAOToiin 

A.I.Iialpunnkll , O, ll.Kiigfttohkovoky, M. V, Troysnov, N. V/.rnnnoyiirov, 

M.G.Kulnkuvnky , V.D.liytklni V,r#Mfttv«nv, V.M.Murogov, A.I.Novo- 
shllov, L,M.Unfitohov, In , 0,13.Shlkhov. 

In ttw' onrly ctn^co of ffttit powor rcnctor rtovolopraant the ntudy oT inltlnT datn verlstion 
offootc AO(]ulron groat Importnnoc an wnll nn tho dlooovery of nosott to proaotc tliolr perfomas- 
cor and nnalyr.ia of major rcrictor offootn. The roAotor ooraporloon gooc muUlplo woyB, Tn tho pro- 
rent report rcaotorr. arc coraparod from tho ntandpolnt of tf» opportunltdoti nYnllnblo for ottaln- 
In^l the leant pocnlblo time roquireU for doublin/^ power level In the faiit roaot^oro nyclem* To 
rtrlko thin goal for power roacloro of 0.5 to 1*0 million kW olectrlo oepaolty z*ango the follow- 
ing conditions, neora Lnd Inponooblo. 

a) A nuff Iclontly high brooding ratio Id maintained. To avoid ooneldorable reduotiono of the 
breeding ratio an rcaotor capacity goec up the extonoive use can bo made of varlouo teohnologj- 
cnl r.olutiono - heat generation flattening, rcohftplng of tho roaotor core, eto. 

b) Tim fart reactor fuel munt allow high bum-upo. Ao it oeoma, oex*anloo ajre aoirt farreaob- 
ing herein, bcnidcc, It have good toohnulogioal propertlee. 

c) The specific power per a unit of fuel loading niuet be reaaonably high. The latter oalla 
for an Intenclvo heat removal. Godium uood ao the coolant provldoo for the Intenalve heat remo- 
val under ordinary working oondltlonc together with the reliable aooldmntal ooollng* Onoe eodiam 
occurr. in combination with ceramlo fuel It beoonee possible to operate mt high teaperature ratae 
with attractive atomic ':tatlon*a efflolenoy factor. 

Thlc report deals with the outcomes of a study prograane regarding fart power reactois with 
ceramic fuels and sodium coolant. 

The Multiplication Equations for the System of Breeders. To regard the dlTTerent variants 
of nuclear power developments one needs an economic comparison. The latter begins with defining 
the natural production volumes to provide for the above nuclear energy developnents - those ot 
uranium output, enriching industry, chonloal procoasing eto. The following eqxtatlons ere helpful 
for these ends, and so they are for obtaining the formula for the nuolear energy industry's spa- 
cifio rate of growth on the basis of tho fission aaterials developed la the of reaotora 

under consideration. The apeolflo rate value or doubling time value determines to a great extent 
the demand for umnluti>-r?5 and other oharacteri sties at the given power industir developaent rate 

It is neoescary for the reason of general Inat ion to aesune that some three reactor types 
arc employed to promote advance in the nuolear power product Ion: those on uranltue-235, pluto- 
nlum-239 and uranium-233. Let P^(t), P^(t), Pg(t) denote the outside daily oonsuaptlon of uraal- 
um-l?5, uranlum-?33, plutonlam-239 at some t moment. The possibility, of obanelllng fission aata- 
rials for other purposes makes P/^n presumably acquire negative values* IjCt)* l^(t), lg(t) oona- 
titute a dally fuel Pu^^^ load in reaotors at the t moment of time. For the sake of 

convenience it Is suggested to consider the quantity of the given laotop alrwady in the fuel 
elements at the time of loading into the reactor, and yielding the predeterainad never levelf 
for Instance of 1000MW, to be a unit of fuel. Meanwhile, the units of fuel for 
reactors differ to make reepeotively. Every reaotor oore fuel asseably In expaottd to 

be discharged on attaining the permissible value of hunjup and renaina within the raaotor oor# 
the average time of 7^- the reactor lifetinw*. Beeideo, it subsequently tmdergows ahamieal prooas- 
sing for the time of Tna, here a loss of fuel makes (l-E). Thus, the dally reousTtnoe into 
uranium resotor ooreo at the t moment i» (t-T^^Tsta^) of nr5aiuB^23^* Here, A - 

Is the fuel bumup due to fission and capture in the roaotor jore ae ragards the original fuel 
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Tho brooding of tho oooondaxy nuoloar fuol ‘'m" In tho raaotor, utilising the l-th lootopo, 
oan bo doaorlbed in tormo of tho roaotor ooro brooding rntloo alongside nlth tho«e of oxinl 
and radial blanket n of tho roaotori 

Pu-239 produoed In tho roaotor ooro and tho axial and rad lei blnnkoto at tho t monent 

of tino ontora plutonium reaotoro In tho quant It loo: 

Tho following modal Is aooeptod to deoorlbo the inlet of plutonium from the radial blan-> 

kot. 

It takes oono T §(3 time olnoe tho roaotor oeto working before tho uniform diooharge of 
plutonium in tho quantity of ^ begins and the addition of Tn#i“ tln» before It 

enters the roaotor. Tho number of tho reactors oonoemed by tho tine t oonntltutes the Integ- 
ral of all the fuel to have been used for tho period oinoo the first roaotor was oommlsolonod: 

ng(i)^ ! [is (f)-is-t'- T^s)Ut' ( 

The supply of plutonium (kg) within tho unit of time from radial blankets of roaotorn 

mokes: . 

if, his(t')-Ls(t'- T^s)]dt' ( 3 ) 

Kxproosions for other typos of roaotorn are rooordod oimllarly. It Bust be borne in mind, 
that very same quantities of uranlum-?35» uranium-?33, plutonium-? 39 arc not equally effective 

In yielding similar powers that In reflected in different values for M. . 

23S 210 2*11 ^ 

Thus, the balance equations of U Pu and U take up tho form: 

uronlum-235 


plutonium- 2 39 


^ Msig(iJ= MsUs{t-Tc.s-Tn,^»)LsKB^S.9-^ Lsit-Tc.r-rn,s) 

^ . fTttr-V,,, 

*M9Lg(t-T^9. rna^s)t9K6,T9.9 * ^ 

{h ('< -Tks .iJt.Ta, . K5>n9 * 

Taj JOjfii- tj(i T cls) 'cit'l * p. (tj 4^ 

0 ' J ' <f d ^ e: 


uraniuni-233 

^ • TncusJ^ff ^3c,s^ ^ ^Bgrsj 

♦ MijLa(t -Ta, -rn^,)e^, * 

^ . t'Ts4g ^7*/f0^ 

♦ is ( t- Ta.9 -Ta,s)C^g KB^rtai ♦ ijQ Cig h 'J ^ 

The system of equations (4-6) makes it possible to analyse the effioienoy of various 
kinds of reactors, and also that of whole systems of reactors of various kinds* In the general 
case, the solution of system of equation is aooomplished numerioally from minor times to major 
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onen. In the ooeet ho-^everi when the rate of growth of nuclear eleoirlo generating oapaolty 
is given the oquatlono oerve to determine Ba,jor natural produutlon volumoc for the development 
prooeBo under oonnlderatlon* 

The very mimo equations are avnllablo for dotonnlnln^; the opoolflo rain of growth# For 
Instance I the aooumptlon of plutonium broodero only noooDoltateo tho^uno of oquailon (*‘0# The 
Dolutlon of equation Is to bo sought for In the form whore ^ in the 

opeclflo rate of growth. The oubBtltutlon of thin oolution In equation (5) offorn ohnmotorlo- 
tlc equation for the purpose of defining \ ^ TV... / 

> .. g-f /-/. 4,^/ - - 


t9(t-e 

U)7U9 




A formula with a oatlcfactory degree of approximation to provide for the doubling time 
In^/cj ) lo obtained by expanding the exponent (0 in aerleo with the accuracy to the 


(T^^ln / CO ) lo 
first powero ^ J 


(n«» ■>• rn^)*ttK8,r„(T».t -r„u)^-U- i^i( 


Bquatlono (7) and (s) are applicable ao well for the definition of the doubling tlae In 
the oyole Th^^^. The oomblned solution of equations (5) and (6) permits the definition 
of the doubling time In the reactor oyotem on Pu^ ^ and (it Is suggested that uranluo-23 


is bred In blanlrets only). The solution for the equation system (5) to (6) Is obtainable in 




LjCtJzSe 


The introduction of the uniform 0) means that the mixed system developeo at equal rate 
while the relation between the numbers of reactors on and Pu is constant throughout the 
prooeoB of development. The corresponding charaotcrlstlo equation for U) has the form; 

. ^ ^u}(TeL3 

f .(-l-t,) e - 1JKr~ 

■ HR . .fuK6,r,i 


u(Ta4*rn«.^ „ .u>(T,n*Tn„)-l 

^ uTcJT^ J 




The following expressions obtained for the ooeffloients a and b 

Cj ^ 


where 


is establifihed on the baslB of the aooepted ratio between the noabers of 


wu w* — 

Pu and iuranluift-233 resotors# 

The above mentioned numbers of the reactors are detemlaed by the expreeeiotte of the 
type (2). ?lnall 3 r , 


Used Cross^Seotions and Caloulation Methods# 

In large faet reaotors the neutron epeotrum in the reactor core and blankets is softened 
because of the neutrone slow-down by 03f osrboni oonstruotion materials and ooolante# 
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In aany prooaaotto noutrona bolow tho 10 knw oner#^ Tovol onuno wnnentlnl offootn. Tho f motion 
of flBolon below 10 kev In oornmio fuol roaotor oonoUtutcn 10- ’‘n<. doporiflln^ jn tho nlKP nrul 
oompooltlon of tho roaotor* Thlo Bukotj it nuouoiiniv to nppro/ioh moat nttontlvnly fi;roup oonn- 
tonto in tho region of onorgleo bolow 10 kow whore tho nl^n If loanoo of roconimoo nol f-nh IcldlnK 
effootfi with rogord to tho oompooltlon of tho modlutD lo obvloun* 

BeoldoOf tho contribution of olnotlo olow-down muot be onrcfully connidrodf for firuup 
orooo-oeotiono of elnutlo olow-down arc dependent to no nranll ojctont on tho «roup‘n internal 
spootrum# Therefore It needs to bring tho opeoti’um and olow-down erooo-coot lone to proolrlnn 
one after another* The 26-group nuolonr date oot worked out under I . T , Ilondaronko 1 takr*!' into 
oonaldoration all theoo peoullarltleo in tho moot oomplote form. Doforo that oronn-r.eet I on net 
wao aooompllshed, another 18-group oyotem In praotionl uno for fant roactorn onloulnt ionn, Tl« 
latter wae produced with a special eye to tho opootrum of oxide nrul enrhiat reaetoro with the 
reactor core volume approximately 2000 lltroo and the oompooltlon an fonowoi 30-/i0't of fuol, 
ro-251^ of otoll, the reet golnd to codlum. 

In that oet for tho region of energies above 10 kev the oroco-neotlonR from tho referonoo 
2 were uoed ae tho foundation* In the range of energleo below 10 kev groupn wore made, while 
the region above 1,4 Mev fell into four i^roupe. Tho former being adapted to the offootn of roeo- 
nanoe eolf-ahleldlng* The orooo-fleot lone were produced by 1. 1. Bondarenko, L.P.Abngyan, Tl. O.Baj-.any- 
ante and S*B*Shlkhov* The oaloulationa In line with thin ny stem an well an the 26-group nyntem 
for the reaotors of tho above oomposltlon give approximately the same recults. 

The major physical oaloulations were aooompllshed for the ono-dlmcnslonal geomotx*y in 
terms of the diffusion apparoxlmatlon. Tho reactor’s critical paramotors, the energy-npace 
dletrlbution of neutrons and their Impoxtanoe, interrelations among various procesa-numbers 
and breeding ratio wore computed on the bosis of the programmes for digital computation worked 
out by 0*I*MartBhuok, 7*P*Kot8hergin, A*X»Nevlnltsa, T.I.Zuravleva and others* 

Quite a number of similar programmes were developed and perfected by A. I. Shmelev, 

If StSXeearev, A*V*Kuenin, V*V*ChronoV| S*B*Shikhov. The oaloulatlon programme on reactivity 
fluotuatlons depending on tho introduction of various perturbations Into the reactor core was 
produced by I.V^Zisln* 

In some oases the P-3 approximation (the programme by O.I.Martshuok, E. I. Lyashenko, L.I. 
Enanetsova) was used to realise the accuracy of diffusion oaloulations* The comparative compu- 
tations under the P-3 and diffusion approximations for the reactor cores radius of 60-110 om 
■ad the blanket 40-60 sm thick, resulted In the oolnoldenoe in with the accuracy of 0.?^. 
The space distributions of a neutron field under these approximations are also in good agree- 
ment along the whole reactor radius* 

THB PHYSICAL CHAHACTEHISTICS AJTO DOOBLITTG THO) POR REACTORS OP 
YAHIOUS POWERS AND POWER DENSITIES 

The fact that the experimental reactor BR-5 whose epeolflo oharaoterlstios are very close 
to those of a large power reactor operated very effectively paved the way for designing the 
BN-350 type reaotor, dlsorlbed In the report (4)# 

Below tha results are quoted of the reaotor survey for reaotors of different powers oa- 
paoitlee and deneltles power with the initial parameters close to those of the BN-350 type. 

The initial data to enter the oaloulations were as follows: 

Sodium inlet temperature 300^0 

Sodium inlet-outlet temperature difference 230®C 

M a rlmam aodium velosity 10 m/seo 

?uel olad thiek ness (etelaless steel) 0*4 mm 

Tolume fraotlon of tha Msemhly walle and interassembly Ha 0*14 

Heaqtor core diameter to height ratio (D/H) 1.4 
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Tim iiiiu'.'mlily '.viillu liiler/iniminbly Nn anil vulumii rraolli'i; Ha I'.'i miim a Imnian i- 1.11 

tiolKht riiUo (i'AO • 

Tlio vnlun !l/ll • 1 . '1 ntaixln out nr. thn opUmura for nri-TiO ri'aia.irr iinil la inmaplnil l.v nquai or 
nil the roaolorn dmll with In thin oogtlon. It will bn tibown Inter on thnl iimler ol.lmr pro- 
oondltlanu tlin nhnpc or the ronotor corn Imii the optlraim for ooraowimt illffcr-int vnlunn of i)/ll. 

Tho lUoxlilo (iMOi-UO,, - 0 g/om’) nnd monoonrbldo (ihiC-UC, - 10 g/om ) worn con- 
utdored on tho fuel nktorliilH for this group of roaotorn. The oxlilo or the onrbldo of depletnd 
urnnlun ployed tho blonkot oubatonoo, tho lottor being 00 om thlok. 

Tnbloo I nnd II oorry tho bnalo dnto for the renotorn In qucitlor In rclntlon to the 
pro-clvcn power and power dennlty. P.onntor comporlcon nlong tho fuel prlnolplon ahowa tho foil, 
wing roculto. A hlghnr donolty nnd o greater heat oonduollvlty of tho onrbldn fuel provldcc 
for more to bo plaocd In the roaotor ooro. Thin brings about nn Inoronoe of tho oontrlbu- 


for more to bo plaocd In the roaotor ooro. Thin brlnge about nn Inoronoe of tho contribu- 
tion of floolon. The opectrum In the carbide roaotor ooreo lo nomowhat more hard than 

that of oxide roaotorn. I^b a rooult, the breeding ratio of oarbJde roaotorc la 1. 4^1.0, while 
oxide rcBotoro have It 1.35 - 1.6. However, the orltloal naan In carbide ronotoro lo greater, 
thnnke to tho more Intonolve neutron aboorptlon In urnnluo-230. 

/(Ithln the ooniildorod altoratlono In tho reactor core oor.posltlon for tho roaotor core 
radii below 120 cm tho roaotor orltloal manece with 5-7?. preololon oatlofy tho expreoslon 
G V Inherent In the olmllarity of ronotoro 6 . 

The power being oonstant, the reactor oompooltlon dependn to a great extent on the epe- 
olflo power and 00 do the orltloal maeo nnd Internal breeding ratio. The full breeding ratio 
(nn) In not open to aharp ohangen. 

Tho neutron spectrum under permanent power oondltlono alters only veiy slightly with the 
variations of specific power, though there lo a slight "broadening" of the speotrum as long as 
the reactor core size diminishes. Tho broadening has a bearing on tho decrease of tho non- 
olast ic ooattorlng of fast neutrono, and the relaxed moderated neutron absorption with dimi- 
nishing quantities of ursnlum-238. In general, It oan be seen that the maorosooplo oharaete- 
rlotloB (critical maos. Bit, fission fraction) to be dependent not on the spectral altera- 

tions alone but furthermore on the varying fuel- contents In tho roaotor core. 

The inoroase of roaotor power has a notedly bad effect on Ite physloal performanoes. The 
volume contents of fuel drops, the 0®®® flselon reduoea, the neutron slow-down by sodium aof- 
tons the spectrum considerably. As a result, the Bit goes down. 

In doubling time calculations tho following additional assumptions were mode. 

The out-of-reaotor fuel residence time T„.** year 

tdaxlmum bum-up -in the oxlde-10^, In tho carbide - 

Fuel losses In the course of processing .....1.5* 

Average build-up of plutonium In the fuel 
discharged from the radial blanket ...............1* 

To evaluate tho effect of the fuel oyole parametoro the doubling time was oaloulatad for 
other cycle parameters. 

The off doubling time may have the minimum values for some Intermediate values of Q as 
long an the reactor power lo oonstant and Its specific power C alters. The above minimum Is 
linked up with the various ratio of the reactor’s llfetlmo and the external oyole duration fear 
different Q-s ard with the less orltloal maos for Inoreaslng Q. 

For the reactor parameters under consideration optimum doubling time increases slightly 
with the Increase of reactor power. It follows from the BR drop with power increasing; this 
drop is not compensated for bsr the Inorease of speolflo power per o unit of plutonium loading. 

It was studied, how separate parameters of a fuel oyole influence the doubling time. 

The effect of the value of bum up on the doubling time la twofold. On the one hand, bum-up 
Increasing the prooeseed fuel fraction drops as does the frequency of discharges, that emuees the 
reduction of the doubling time. On the other hand, tho oonoontratlon of flselon products 
increases, breeding ratio goes down and the doubling time increases. These factors open possl- 
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blLltloo of tho oxlxfclng optimum on blin value of burn-up. 

Kor tho oxldo fuolod ruuctor (900MW, W kW/1) with fuol burn up doubUfu- ttmo i<; 

year, with burn-up 105C - yofir and b,1 your, when bivrn-up roachuo Tho lioubU/iB 

tlmo huo i.t»n minimum value with fuol burn-up WK, furthor Increaoo in burn-up cauuoij incroaoo 

of tho doubling time. 

Tho fooulto of the comporiuon botwoon tho rouctoru uiuJor viow no to tho doubling time 
show that the aocoptod Initial poramotoro onouro tho doublinn time of 0 to b yoora for powor 
rouotoro. Pooolblo wayo to inoroaoo brooding ratio and apocific powor aa well nn to bring down 
doubling t;lAo, ore oonoidorod in bring tho next ooction, 

POSSIBLE IIIPHOVETOTS IN THE PERPOHMANCE OF LAnOE PACT POWFH HEACTOIG. 

It may be well suggested, that certain poramotoro arc probable to bo improved upon in 
adwanoad fast roactora. As it ooems, tho core tomperature drop and velocity of oodium could bo 
enhanced. This increases fuol contents in tho roaefcor core and dlmintshoo quantity of nodxum. 
As a result, tho fuel residence time in roactor becomes longer, pai*allel to an increaso of HR 
and slump shortening of tho doubling time. Perhaps, the outlet temperature of oodium can bo rai- 
^ood to nam 600-^30**0 and hlglxer omcionoy con be aohlovod.lt Ja an pro bablo, that ooramlo fu- 
ol yiolda ^ him-up of approximately 15%, 

Besides, tho reactor core may neod specif ic oolutiono with a view of improving physical 
paramotoro of large reactors, A possible solution offers tho flattening of tho heat generation 
in radial direction playing to bring down the (not spot factor). Tho reduction of tho radial 
heat non-uniformity makes it possible to either bring down the size of the roactor, while pro- 
oorvlng tbe maxlaum powbr density and composition, or enhance the fuel contents and make tho 
fuel elemont diameter Increased, the reactor size and average power density being just what 
they wero* There might be, of course, certain in-between solutions. Properly speaking, tho 
heat flattening nay go different ways: 

1) a lilgher concentration of fuol from the centre sideward; 

2) tlin establishment of internal blankets. 

The rirst possibility bears greatest fruit In case of the radial zones with fuels of 
. irlous fissionable material concentration in the fuel (various enrichments). It is far less 
'‘ffoctivo to change tho fuol element’s lattice, or its diameter with permanent enrichment. 

It appears that as few as two zones of different enrichment can change the rodiai non- 
u.iformity coefficient in large reactors from 1,7-1, 8 to 1,2-1, 3. The volumes of the zones 
with dlffexont enrichments are approximately equal (V.^= 0,52 and this relation is woakiy 

dependent on the reactor size and composition. 

Heat ^feneration flattening by enrichment affects physical characteristics as soon as the- 
re is a diftereiit fuel content, the spectrum hardening in the reactor core, neutron leakage 
via a radial blanket, particularly, in Its high energy rogion. The relative importance of the 
above effects varies in different reactors, being dependent on the kind of fuel, the size and 
compositiozi of tho reactor. Yet, in all the above mentioned cases tho total breeding ratio 
Increases with flattening. Comparisons of reactors with and without flattening ore shown in 
Table IH. 

It la evident that flattening may allow of a considerable reduction of the volume and 
critical b&sb of a reactor with a pre-set power level. Such a use of flatteaingif coupledwith a 
deep bum-up ( 15 «) and semi-annual outer cycle and also a smaller-size reactor core brings 
about a siibstantlal cut of the doubling time. 

If one is far less entbuslastio about the fuel cycle (^ = S% , ^eax) it should 
be preferxahle to use flatten in g to enlarge fuol volume fraction in the reactor core. Though 
it roaulta In an Increaso of the critical mass, yet the fuel contents in the cycle does not 
increase bacouse of a longer lifetime, the breeding ratio goes up and, finally, the doubling 
time shortens as compared with the case of a reactor without flattening. 
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Ponulbllitloo Uo flatt'on powor dlutrlbutlon by Dotting up an intomaX oyllndplcnl rins 
broedlng zona wore Dludied, and Uho oolucblon of the internal breeding none olte and Ito loca- 
tion on the condition of tho leant doubling time took place. In all of theee oaaeo the raaotor 
core auBomblioo were of tho oomo corapooition and enriohnent. 

Table III gives reflulto of calculutionu for ouoh reactors. The iotroduotioa of 5-^0% 

(toward the reactor core voiuoo) aoaoBbUea with appears *<> ba able to dlBlnlab tba rodlal 

non-unlfurmlty of power dlatributlon Juet like tha caoe of tonaa with dlff.rant anrlohMOt. 

Thlu offoot la capabla of outtlng down tho doubling tlno by 15-2W. Vary alallar r.Milta owa b. 
ai-rlved at If aiiaetiblioo with deplated uranium ora placed In tha oantar of tha roaotor eor. in 
addition to fuel uoaemblies. 

A oubotantlal improvement of phyeical characteristics is attainable by givlos 
power roactor core tho form of a flattened out cylinder. A rise in D/H In a reactor of a g;lTaii 
power and conotant power density allows to enlarge the volume fraction of fuel* prolong the 
coro*e lifetime and increase breeding ratio. Because of a greater D/H and a simultaneoua lucre* 
aoo of tho critical mass there must be the optimum D/H for every reactor* • 

The optimum D/H value co«s power density increase. For example* for a carbide 

reactor with thermal power of 2500 IT#, and flattened hart generation the optl«m D/H defined 
in accox'vlano with the doubling time made 1^5 at Q e and 2|3 ♦ 5 at IJ 1200 

The position of the optimum D/H is in close connection with the fuel volume fraction and 
core lifotiino, on the one hand, and on tho other hand, with the critical moss and breeding ratio. 
In high power density reactors tho fuel volume fractions are low and so is the core lifetime 
which both favour flattening out to far greater D/H than in reactors of lower (power density) 
where the breeding ratio and core lifetime are high enough oven at moderate D/H, For similar 
reasons the optimal D/H goes up as long so the reactor power enhances. The least doubling timw 
for each power level night be achieved with some moderate power densities and corraspondliig 
optimal D/H. 

For the reactor in question the minimal doubling tine occurs at ft » 1CXX) kw/litre and 
D/H 2-2,5, and makes approximately 3 years (the processing time 0,5 year* bum-up ^5%)* 

Tho implementation of all the suggestions mentioned herein (high power density* power fla- 
ttening, and increased D/H) opens the road towards substantially improved performance of large 
fast power reactors (electric power -v 1000 MW), For this and still more powerful types of 
reactors on ceramic fuel with high burn-up one can hope for the doubling time below 5 yearsi 
for oxide fuel 4 years, for carbide fuel ^ >a5#5 years. 

Temperature and Power Effects 

Reactivity changes during reactor transient are eharacteriaed by power and teiflparaturs 
coefficients ( and respectively for uniform and non-unlfom beating) and are de- 

termined by tho following processes* 

a) Changes in the geometrical sizes of reactor, Tho temperature elongation of fuel ele- 
ments and expansion of grids in which the assemblieB are fixed lead invariably to negative 
reactivity effects. For the considered reactor type it is possible to work out the folloving 
approximate relations: 

aB/K » - (0.75 + 0,9) ^ /V 
A K/K « - (0,5 ♦ 0,6) ^®/R 

A K/K - - (0,25 ^ 0,3) 

A 7^^ ^®/H here represent a relative ohanges of volume* radius and height of a reac- 

tor. 

The problems of the kind were tackled by A,H, Kuzmin* I,S,SleBarBV, V,V.Khroaov» 

S,B*Shlkhoy, A.N.Shoelyov (in the presa). 
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b) Changoo In tho Bodlum donolty. Tho soooBpunJng r««otlvlty ohimKoo orn primarily rolu- 
t«d bo ohonguu In tho npootrum and rodlotrlbutlon ol' ompturoo, iluolono and loalcHgo procooiiuu. 
In ■odernbo-olco ronotoro roduotlono of oodlua donalty ylald nugntlvo offootu. Kor thu mnc- 
tors, where tho leakage fraction le aoall in n noutron bulnnoo <i poaltlve offset of thu ooillum 
denolty deorenolng might be tho onoe. Tho orltlool volume of roectore to make tho offoot algn 
change is ancertoinod through the type of f-jol and the roootor doelgn pooulluvltlau . Tho 
oodlua coefflclont becoaen moro pooltlvo for an ootabllshod volume, if abuorblng mutorlulo «ro 
introduced into tho reactor ooro (boron control rods, for Inotonce). In tho oamo way iicto po- 
wer flattonin^ In the reactor core. 

Flg.1 given on example of tho roaotivltjr ohon«oe due to introduction of 1 cm^ of oodlvim 
into variouo tjrpoo of roactora« 

0) Dopplor-effoot. Bopplor-offoot may oonatltute n largo port of tho overall power offoot 
in large size roaetore with ooramie fuel. Uraaiun-235 and plutoaium-239 being bootod up 
give po8itl\^ offoot, that of uranium-238 being nogatiwe. 

When ia uaed in a reactor an a diluent, tba ojntrlbution of tho uranium to Doppler- 

effect is affootod to a groat extent by tho reactor core alxo. As eoon as tho volume oolorgoo 
so does the oonoentration of uraniUB-23a (with a oonstant fuel fraction), and the rooonanco 
noutron fraction ae well (IO-O.OO5 Kev). In the roaotors under oonoideratlon (1500-2000 litroo> 
the negative contribution of uraniun.238 into Dopplor-effoot is a determining factor. SfilloaC’) 
and (5J carry tha oroos-saotion data to onloulato Doppler-effoot. Fig. 2 ahowe how Doi.plor-af- 
fect depends on the tomporature in a reactor of 'v. 20OO litre volume (tho fuel Pu0,-U0.). 
ng.3 gives the effect's distribution among energy-groups for tho seme reactor. The colculn- 
tiioa was mode on tho basis of the perturbation theox^a 

d) Fuel elemente and aaaembly bendlnge, Tha affects of these are primarily determined by 
the reactor design, their contribution being comparatively amall in the oaae of largo roaetore. 

Table IV ahowa tha component constituents of power and temporuture effoote for one of 
conaldored reactors* 


Invoetigation of Pooaibilltiea to Use Thorium ia Post Power 
Reactor*! 

A number of ^ta available at present on the cross-sections of and fl] ohow 

that breeding of Is handy on either thermal or fast neutrons. In tho intermediate onurgy 
r^e (1 ov-Ikev) for la below 2, which oxoludeo any chance of breading in Intormo- 

dlato reactors. In the breeding ratio in thermal reaotore ame- 

nta to 1. 1, to beoome 1.2 - I.3 in fast reactors depending on the fuel. Doubling timoo moke 
15-20 years. Such figures look far inferior than in the ^yoie of fast reactors. 

Still, the combination of this two cycloa in fast reactors alongside with a mixed cycle could 
oseentialy improve the prospects of using thorium in tho atonic power Industry. 

^e nuclear fuel of tho nixed cycle is and Pu. The fertile material for reactor corea 
ia ir , 0*110 thorium la used for blankets. Under thie syeten tho neutron balanoe aubaantially 
improves as compared to the cycle of Df«-Th through a more effective fission of 
«t tha expenoe of high 1)*^^ for Pu®?? in the reactor core epootrum. 

Tha implementation of mixed oyolea in actuality nay be different. U®?? and plutonium nay 
locate in a single reactor as well ae la different ones. In e aingle reactor it can be either 
a homogeneous fuel mixture or alee a location in different fuel elemente or different aseomb- 
llee. The comparison between mixed and single oyclos for different reactors manifests the 
rollowtng mixed cyole physics peculiarities. 

«-_o ““““ reactors, if summlrlmed after uranium-233 and plutonl- 

is 10* less tlun that in sljq>le oyeles. This can be attributed to a more effective use 
of r in the ^ad reactor spectrum. The value serves a true Indicator of 

this, it being inon ordinary reactor core apectrum. 

The breeding ratio of a mixed cycle is determined (ae far as a mixed fuel reactor) as a 


IV 
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* W 


ratio of tha BunourlBod production ratoo of (in blanketo) and (in a roaotor core), 

to tho burning ratoe of theae iootopos In th« roaotor oore* The nixed oyotenn* brooding ratio 
in the oaae of an oxide fuel lo 0«1-0<3 higher than In the oyole U^^^-Th, Tho location of tho« 
rium In the blanket aakea ohangceo of BR beoauae of the neutron capture in protaotlnlum beoomeu 
negligible. Tho doubling tine in a nixed oyole appeara to be far below that In the oyolo of 
0^*’-Th (T.blB V), 

Meanwhile I the developing mixed oyaten alloves an Intensive use of thorium In plaoc of 
uranlu»*238« Clearly, a developing ayeten neoeasltatee the denand for nuclear fertile mate- 
rials aa long as It oalle for new blanketa. In the nixed oyole thorlun-loadlng in blanketn la 
10 (ten) tlmeo nore than that of uranlu»«236 Into reaotor ooreu, which 1D| In fact, a determi- 
ning factor of the fertile material oonaunptlon rate In a new reaotor oonotruotion. Definitely, 
it depends to no enall extent on the kind of fuel and other speolfio featureo of n reaotor, 

Aa for the reaotor alone, the fertile material denand la determined by the rate of bux-nlng and 
prooeealng loaees only. Bealdem the advantages siantloned above the mixed oyole opena up a 
possibility of manufacturing of a less activity on the baals of 
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^ core power, IWf j 450 | 900 | j 3 qq 


Power d0asit7,kw/litre 

300 

500 

750 

900 

300 

400 

500 

600 

300 

400 

500 

300 

400 

500 


Tfuel 

0.548 

0.474 

0.396 

0.368 

0.470 

0.409 

0.362 

0.312 

0.^19 

0.354 

0.302 

0.330 

0.298 

0. I 9 I 

Tolune fractions < sodium 

0.234 

0.292 

0.352 

0.377 

0.312 

0.362 

0.404 

0.450 

0.366 

0.424 

0.472 

0.464 

0.485 

0.605 


1 steel 

0.218 

0.234 

0.252 

0.255 

0.218 

0.229 

0.234 

0.238 

0.215 

0.222 

0.226 

0.206 

0.217 

0.204 

Critical mass of pluto- 
nium, te 

710 

460 

340 

290 

1170 

880 

710 

600 

1710 

1260 

1000 

2180 

1650 

1060 

BE 


1,60 

1.60 

1.55 

1.56 

1.52 

1.48 

1.46 

1.44 

1.45 

1,40 

r .38 

1.36 

1.34 

1.24 

BBa 

0.91 

0.68 

0.46 

0.40 

0.94 

0.79 

0.68 

0.56 

0.97 

0.81 

0.68 

0.90 

0.80 

0.54 

Fission fraction 0-238 
in reactor core « 

0.153 

0.130 

0.100 

0.093 

0.145 

0.128 

0.113 

0.097 

0.139 

0.120 

0.103 

0. I 2 I 

0.109 

0.074 

1 


0.217 

0.212 

0.208 

0.203 

0.234 

0.236 

0.237 

0.239 

0.248 

0.253 

0.257 

0.270 

0.273 

0.257 

Beactor core j 

0 average i 

1 


1.92 

1,92 

1.92 

I .9 I 

1.96 

1.97 

1.98 

1.99 

2.0 

2.02 

2.03 

2.06 

2.07 

2.16 

1 

0.048 

0.051 

0.055 

0.051 

0.044 

0.045 

0.046 

0.047 

0.042 

0.043 

0.043 

0.040 

0.040 

0.041 



0.287 

0.281 

0.275 

0.270 

0.303 

0.304 

0.304 

0.304 

0.316 

0.319 

0.321 

0.335 

o . a 37 

0.356 

Blanket 1 

6c, 

0.384 

0.381 

0.377 

0.375 

0.390 

0.389 

0.388 

0.387 

0.394 

0.394 

0.394 

0.400 

0.400 

0.403 

average [ 


O.OIB 

0. CI 9 

0.020 

0.020 

0.018 

0.018 

0.018 

0.018 

0.017 

0.017 

0.017 

0.017 

0.017 

0.017 

Doubling time. 

10% 

years 

8.6 

6.5 

5.6 

5.7 

8.1 

7.0 

6.5 

6.6 

8.5 

7.6 

7.2 

9.0 

8.3 

9.9 
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Table n 

CN 

Characteristics PuC-OC reactors 



Bower density, bv/Iitre 

300 

500 

700 

300 

500 

700 

200 

400 

600 

200 

400 

600 

ffuel 

0«58 

0.48 

0.40 

0.52 

0.41 

0.30 

0.55 

0.40 

0.26 

0.51 

0.35 

0.20 

Volume fractions < sodium 

0.25 

0.32 

0.37 

0.30 

0.38 

0.46 

0.29 

0.40 

0.49 

0.33 

0.46 

0.57 

1 steel 

0.17 

0.20 

0.23 

0.18 

0.21 

0.24 

0.16 

0.20 

0.25 

0.16 

0.19 

0.23 

Critical mass of plutonium, 

860 

535 

410 

1500 

810 

590 

2860 

1420 

830 

4600 

I 860 

1030 

BS 

1.85 

1.80 

1.72 

1.67 

1.60 

1.58 

1-72 

1.58 

1.38 

1.62 

1.43 

1.28 

ESa 

1.27 

I.O 

0.65 

1.27 

0.87 

0.70 

1.36 

I.OI 

0.68 

1.37 

0.93 

0.63 

ir -238 in reactor core 
fission fraction 

0.206 

0.162 

0. I 3 I 

0.197 

0.143 

0. II 2 

0.198 

0.155 

0.088 

0.182 

0.134 

0.069 


0.197 

0.198 

0.204 

0.215 

0.217 

0.224 

0.215 

0.230 

0.242 

0.227 

0.243 

0.260 

The reactor 
core average 

1,89 

I .9 I 

1.93 

1. 91 

1.94 

1-95 

1.92 

1.95 

2.01 

1.94 

1.98 

2.04 


0.048 

0.047 

0.047 

0.046 

0.049 

0.047 

0.044 

0.044 

0.044 

0.042 

0.042 

C.C4I 


0,270 

0.278 

0.291 

0.281 

0.286 

0.291 

0.287 

0.296 

0.314 

0.296 

0.312 

0.326 

Tbe blanket 

0.346 

0.347 

0.348 

0.340 

0.341 

0.346 

0.345 

0.347 

0.351 

0.348 

0.358 

0.362 

average 

0.018 

0.018 

0.018 

0.017 

0.018 

0.018 

0.017 

0.017 

0.017 

0.017 

0.017 

0.017 

Doubling time, year 

6.9 

5.9 

5.2 

6.6 

5.4 

6.0 

7.5 

5.5 

7.8 

8.0 

6.0 

S.4 


1 1 
; ■ 


N 

1 

^ lj 


1 
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Table III 

Parameters of power reactors with difference heat generation flattening 
(core power 1000 liw, PuC-OC fuel). 



reactor flattenljas pl«j8 to reduce the Toluoe (IH 2,4,6) or fraction of sodium (HH 3,5,7), 
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Table IV 


Power and tenporature ooofflolonts In oxide reactor 
Va « 1800 liter, fuel - U-2^5 



Power ooefflolent 
VMw X 105 

BSSStM 

a) Doppler-effoct 


- 0.6 

b) Fuol Elomont olon^sutlon 

- 0.25 

- 0.2 

c) As.iombly Dlvor^once 

- 0.03 

- 0.3 

(1) ooJium iiXponslon 

- 0.03 

- 0.3 

q) Fuol Elomont Bending 

+ 0.02 

- 

Total 

'V w 0.8 

-2.2 


Table V 

Oomparlaon of Varloua Fuel 0/olea for on Oxlda Heaotor* 
Reaotor core output 1200 Mw, Power Deaeitjr 4CXD kv/lltre« 
Volume fractions I Fuel-Ct39f Sodiu»-O,43| Ste«X-0«18« 


Cycle 


-h;259 

b2?5 

Uiaeed 

Critical mass, leg 

Pu-239 

1140 

■. 

W 

n-233 

• 

1100 

365 



1140 

1100 

1010 

BR 


1.50 

1.17 

1.59 

BRa 


0*69 

0.56 

0.69 

or Th fiseion fraction in 
the Reaotor Corep 5 


12(a*<258) 

2(Tb) 

11(U-258) 

Average Reaotor 


1.01 

- 

1.96 

Core Oharaoterietioe 


- 

2 ,ea 

9.12 

Para&etres 

% 

2.36 

- 

2.59 


i 

2.96 

1.21 

Doubling time, letre 

6,9 

19.7 

10.6 


569 
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Pig, 1 Change 0 of the Oxide Reactor Reactivity of 1800 litre Volume with the Introduotlon 
of 1 cm of Sodium ( ■ 0.08g/om^). In the Centre of Reaotor there le an abeorblng 
Rod , of the Kfriclcncy of 0.3^. The reaotor oore radiuo le 75 on. 

1) Fuel- cingle enrichment. Sodium volume oooffloient. 

2 ) Fuel- two enrichments, Kjja ■ - 0,60 . 10"^ V®C 



Fig, 2 Doppler-effeot vc Temperature (Reactor with the Volume */'2000 litres; PuOj - tJO^ ) 

1) Calculation for Perturbation Theory. 

2) Direct Caloulatlon 
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